Abstract Fusarium verticillioides is one of the most common phytopathogenic fungi affecting maize production, worldwide. The early identification of F. verticillioides infection in maize could be helpful to prevent the spreading of the fungus. Therefore, this study represents the use of chlorophyll fluorescence parameters to identify F. verticillioides infection in 
Introduction
Maize (Zea mays L.) plays a key role in the diet of millions of people throughout the world. Many pests and parasites frequently attack maize plants. Several phytopathogenic species of the Fusarium genus have been observed to be associated with maize, including Fusarium verticillioides (Saccardo) Nirenberg (teleomorph Gibberella moniliformis Wineland). Fusarium verticillioides is a fungal pathogen with a wide range of plant hosts such as maize, sorghum, rice (Blacutt et al. 2018) . Fusarium verticillioides has been associated with severe diseases on the roots, stems, leaves, ears and tassels of maize plants (Kommedahl and Windels 1981) . The disease symptoms vary widely from asymptomatic to severe rotting of maize plants (Oren et al. 2003) . M ai ze r ot di sease caused by F. verticillioides may severely affect maize production and grain quality. Due to global warming the disease has been reported to spread around the world (Duan et al. 2016) . In addition to causing disease to maize, F. verticillioides infection may also result in food safety problems for humans and animals as the fungus produces highly toxic mycotoxins in infected cereals, which is not easily removable or detoxified from the grains (Gelderblom et al. 1988) . The mycotoxins from Fusarium species were considered among the research priorities of the World Health Organization and the Food and Health Organization (Duan et al. 2016) , and even after several years of research, it still remains a serious problem for the world. Fumonisins are a common mycotoxins produced by Fusarium species and are currently considered to be the most agriculturally significant environmental toxins produced in the field or during storage (Desai et al. 2002) . Fumonisins have been detected from both asymptomatic and symptomatic maize kernels and thus the control of fumonisins in maize has become a research priority (Oren et al. 2003) . Fusarium verticillioides affects plant growth and development by interfering with plant physiological processes. Pshibytko et al. (2006) have previously reported that Fusarium wilt inhibits photosynthetic activity in tomato plants. The authors have concluded that the impact was due to the damage to Photosystem II (PSII). Several other reports have also shown a clear reduction in photosynthetic activity of plants as a result of fungal infection (Bassanezi et al. 2002; Zhori et al. 2015) High time-resolution measurements of the chlorophyll a fluorescence (ChlF) transient represents a particularly quick method for gaining detailed information about PSII photochemical activity, electron transport events and the different regulatory processes (Schansker et al. 2006) . In recent times, ChlF measurements are gaining popularity as a technique to identify plant stress (Baker and Rosenqvist 2004; Baker 2008; Borawska-Jarmułowicz et al. 2014; Bouthour et al. 2015; Kalaji et al. 2018 ). The time dependent increase in ChlF intensity with application of continuous bright light to a previously dark-adapted sample is used to calculate fast ChlF kinetics data. The curve drawn from the fast ChlF kinetics data is defined as Kautsky curve or the ChlF transient curve (Schansker et al. 2005; Čepl et al. 2016) . With the analysis of the ChlF transition curve, it is possible to evaluate the plant vitality under stress conditions. The fluorescence parameters measured through the ChlF transition curve, defined as JIP test (Force et al. 2003) depicts the functionality of PSII (Schansker et al. 2006 ). Therefore, it is possible to quantify the stepwise flow of energy through PSII using JIP-test. Schansker et al. (2005) has shown a simplified model of the energy fluxes using the input data from the fluorescence transient, which incorporated different parameters defining types of fluxes, such as absorption flux (ABS), electron transport flux (ET), trapping flux (TR), and the flux defining the dissipation of non-trapped energy as heat (DI). Stirbet and Govindjee (2011) , later extended the flux list by adding a flux to quantify the reduction of photosystem I (PSI) end acceptor (RE).
Chlorophyll a fluorescence kinetics studies using portable devices known as fluorometers or Plant Stress Meters (PSM) is one of the finest methods to investigate the function of PSII and its reactions to changes in the environment and plant growth conditions (Kalaji et al. 2011) . In recent years, changes in ChlF patterns in response to several stress factors has been reported, such as, drought (Berger et al. 2010; Živčák et al. 2014; de Sousa et al. 2017) , low or high light (Bartak et al. 2004; Kalaji et al. 2012; Hazrati et al. 2016) , salinity (Zhang et al. 2010; Kalaji et al. 2011) , temperature (Kalaji et al. 2011; Brestič et al. 2012; Botta 2013; Huang et al. 2017 ) and herbicides (Balabanova et al. 2016) . Nevertheless, photosynthetic performances of different maize lines by exploiting multi-parametric fluorescence devices under inoculation with F. verticillioides have not yet been explored at all. Thus, the main aim of this research was to evaluate the effects of F. verticillioides on the light dependent phase of photosynthesis in two maize lines (MO17 and B73). The study also demonstrates that fast chlorophyll fluorescence kinetics can be useful for rapid and noninvasive detection of the infected maize plants in the field.
Materials and methods

Plant materials and growth conditions
The maize lines MO17 and B73 were selected for this study as they represent important inbred lines, and are the most common maize lines used in hybridization. A pot experiment in a randomized complete block (RCB) design with three replicates was conducted in 2016 (University of Tabriz, Tabriz, Iran). For the purpose of the investigation, five maize seeds were sown at a depth of 5 cm in each pot (25 × 25 cm) containing soil (soil mixture contained 30% sand, 39% silt, 41% clay, and soil pH was 7.8). All pots were kept inside a greenhouse under natural light with the minimum and maximum temperature ranging between 25 to 30°C, respectively. After seedling establishment, the plants were thinned to three plants per pot.
Fusarium verticillioides preparation
Fusarium verticillioides isolates were collected from Seed and Plant Improvement Institute, Karaj, Iran. The isolated fungi were cultured on potato dextrose agar (PDA) and grown under 12 h light and 12 h dark condition at 20 to 25°C, respectively.
A Fusarium verticillioides spore suspension for plant inoculation was prepared in distilled water containing 0.1% Tween 20, and adjusted to~2 × 10 5 spores per ml by using a hemocytometer. At the 4-6 leaf stage, the spore suspension was sprayed on the leaves of maize plants. All control plants were sprayed with distilled water containing 0.1% Tween 20 only. All the physiological responses of maize plants were measured five days after inoculation.
Pigments content and stomatal conductance measurement
Chlorophyll content was determined using the methods proposed by Harborne (1984) . The upper fully expanded leaves of maize plants were detached five days after inoculation. Prior to extraction, fresh leaf samples were washed with deionized water to remove any surface contamination, thereafter the pigments were extracted from 1 g of the leaf tissues by using 80% acetone. The extracted pigments were measured by an UV-visible spectroscopic method as described in the protocol by Lichtenthaler and Buschmann (2001) . At the same stage, the stomatal conductance was monitored with an AP4 leaf porometer (Delta-T Devices Ltd., UK).
Chlorophyll a fluorescence measurement
Five days after the inoculation of plants with F. verticillioides, the induction of ChlF (OJIP transient) was monitored with a portable fluorometer (Handy Plant Efficiency Analyzer, Hansatech Instruments Ltd., UK). Prior to fluorescence signal measurement the plants were allowed to adapt to dark conditions for at least 30 min. Measurements were carried out in the middle area of the upper surface of the fully developed leaves of the control and F. verticillioides infected plants. For each condition, three measurements were recorded from three different plants. The OJIP curve was drawn from the mean values 
Statistical analysis
All the data were analyzed based on the experimental design, using SAS 9.1 software (SAS Institute, USA). The means of each trait were compared to control according to the Duncan multiple range test at p ≤ 0.05.
Results
Pigment content and stomatal conductance
The concentration of chl a and chl b were observed to be lowered in both maize lines as the result of F. verticillioides infection. However, only a decrease in chl b content was observed to be significant for both maize lines. No significant decrease in plant carotenoids content was observed for infected or non-infected maize lines (Fig. 1) . Stomatal conductance (g s ) in both the maize lines were observed to be slightly increased as a result to F. verticillioides infection (Fig. 1d) .
Chlorophyll a fluorescence OJIP transient
T h e c o n t r o l a n d i n f e c t e d p l a n t s ( w i t h F. verticillioides) showed a typical polyphasic rise in ChlF transient curve in both MO17 and B73 maize lines. The curve was plotted from the mean of three different data points (According to Duncan's multiple range test p < 0.05). A significant decrease in the I -P phase of the ChlF transient curve was observed in the F. verticillioides infected B73 line (Fig. 2a) . To better visualize the effect of the F. verticillioides on the transient dynamics, the curves were plotted as relative variable fluorescence, V t = (F t -F 0 )/(F m -F 0 ). Infection of plants with F. verticillioides significantly increased the ChlF levels at J-step (V J ) in MO17 line, whereas the J-step (V J ) in infected B73 line was slightly higher than non-infected B73 (Fig.  2b) . A non-significant increase in I (V I ) and P (V P ) phases was observed in both the lines when infected with F. verticillioides (Fig. 2b) .
Changes in OJIP fluorescence rise kinetics were obtained by calculating the differences in relative variable fluorescence curves, which were constructed by subtracting the normalized fluorescence values (between O and P) recorded for the control plants from those recorded for plants infected with F. verticillioides (ΔV=V t (Xh) − V t (oh)) (Fig. 3) . The curves were calculated and plotted from the mean of three different data points. This analysis showed the appearance of Δ J (at 2 ms) and Δ P (at 100 ms) peaks in the MO17 and Δ K (0.3 ms), Δ J (2 ms), Δ I (30 ms) and Δ P (300 ms) peaks in B73 line. The MO17 cultivar line was observed with a positive ΔVt values from O until the induction transient I-P, where the ΔVt values turned negative towards P. In contrast, a negative induction at Lband was recorded in B73, then this curve turned positive towards P. Positive ΔVt values indicated lower electron transportation rates, i.e., a decrease in the efficiency of electron transport with negative values.
For a detailed analysis of F. verticillioides induced changes in OJIP fluorescence rise kinetics, the differential curves during O to P transients was presented (L-, K-, J-, I-and G-bands). The curves for these bands were constructed by subtracting the normalized fluorescence values between O -K, K -J, J -I, and I -P phases. The curves were calculated and plotted from the mean of three different data points. The ChlF transients of the two lines were double normalized between F 0 (0.05 ms) and F K (0.3 ms), which can be expressed as W OK = (F t − F o )/(F K − F o ). Subsequently, the control transient was subtracted from the transients of the treated leaves (ΔW OK ). The difference in transients made a negative L-band (0.15 ms) visible in B73, but the value was observed to be positive in MO17. A negative deviation indicated the transformation of a sigmoidal fluorescence rise toward an exponential rise (Strasser and Stirbet 1998) with an increase in energetic connectivity (or grouping) between PSII units (Fig. 4a) .
ChlF transients were also double normalized between Fk and F J (= 0.3 and 3 ms), which was expressed as W KJ = (F t − F K )/(F J − F K ), and again the difference between treated plants and control was determined (ΔW OJ ). Both of the maize lines showed positive values during the time range. K band was not observed during this time range (Fig. 4b) . Double normalized ChlF data during 3 ms to 30 ms and from 30 ms to the time to reach F m was drawn to provide ΔW JI and ΔW IP , respectively (as per above calculation). The value of ChlF during both ΔW JI and ΔW IP for MO17 and B73 was observed to be negative and positive, respectively (Fig. 4c, d ). 
JIP-test
The OJIP transients were translated to the following biophysical parameters based on Strasser et al. (2004) , the quantum yields (ɸ Po , ɸ Ro , ɸ Do , Ψ Eo ); specific activities per reaction center (ABS/RC, DI o /RC, TR o /RC, ET o /RC, RE o / RC); performance indexes (PI) and structure-function indexes (VJ, S M and N). The effect of F. verticillioides on photosynthetic electron transport of maize lines was estimated from several JIP-test parameters and presented as a spider plot in Fig. 5 . The spider plot graphically represented how the response of the F. verticillioides in MO17 and B73 lines changed several important fluorescence parameters. The minimum fluorescence (F 0 ), the loss of energy absorbed in antennas (ɸ Do ), the pool size of the electron acceptors on the reducing side of PSII (S m ), the number of Q A redox turnovers until F m (N), the absorption flux per reaction center (ABS/RC), and the dissipation energy flux per RC (DI o /RC) were observed to vary significantly, in between the two maize lines. In contrast, the activity of the water-splitting complex on the donor side of PSII (F V /F 0 ) in MO17 line was observed to be much sensitive than that of B73 line. Infection of maize lines with F. verticillioides decreased following parameters in both maize lines: the maximum electron transport flux per reaction center (ET o / RC), the quantum yield of electron transport from Q A − to the PSI end electron acceptors (RE o /RC), the probability that trapped excitation moves an electron into the electron transport chain beyond Q A − ( Eo ), the quantum yield of reduction of end electron acceptors at the PSI acceptor side (φ Ro ) and performance index (PI abs ). The initial slope of the fluorescent transient (M o ) parameter was observed to be increased in both maize lines especially in MO17 as a result of F. verticillioides infection. 
Discussion
The study shows that the effects of F. verticillioides on two maize lines was site specific and was dependent on the physiological reaction in the plant cells. The significant differences observed in plant pigments concentration in between control and F. verticillioides infected maize lines indicated that the F. verticillioides caused an alteration in plant metabolism, which resulted in physiological changes, leads to a difference in the biosynthesis of plant pigments (Fig. 1) . The F. verticillioides infection leads to a significant decrease in chlorophyll concentration in maize plants, whereas carotenoids concentration were observed to be non-effected. The observation is in agreement with Mathre (1968) and Lorenzini et al. (1997) , who observed a reduction of chlorophyll content in fungi infected plants. The difference in pigments are important for the validity of the chlorophyll fluorescence parameters, such asF 0 , and F m , which depends on the chlorophyll content of the plants (Lichtenthaler 1988) . Stomatal conductance of the F. verticillioides infected plants in both maize lines were observed to be increased when compared with control plants (Fig. 1d) . A slight increase in stomatal conductance of infected maize plants indicated an increase in water loss. It has been previously reported that the water loss results in a decrease of total chlorophyll content (Sanchez et al. 1983) , which was also the case in this study. Previously several studies have shown that Fusarium species is having the capacity to damage the PSII in different plants (Santini et al. 2008; Bauriegel et al. 2011 ). In the last decade, the prompt chlorophyll fluorescence measurement has established itself as a quick method to estimate the plant stress responses (de Sousa et al. 2017; Kalaji et al. 2018) . OJIP transient curves have been developed as a signature for plant stress, and any deviation from its usual shape indicates some abnormalities of the photosystem. A pilot study has shown that in five days the OJIP transient curve was significantly varied between the F. verticillioides infected and non-infected maize lines (There was no significant deviation in OJIP observed between days 1-4; data not shown), thus the measurement was performed 5 days after F. verticillioides inoculation. Bauriegel et al. (2011) have also shown that the changes in fluorescence after infection was only observed after the spread of 5% of the pathogen to the plant. The normal OJIP transient curve was not much informative, as it indicated a similar pattern of curves in all studied conditions with almost similar F 0 and slight variation in F m (Fig.  2a) . The F 0 indicated that the number of open reaction centers after dark adaptation was similar in all the conditions, whereas, a decrease in F m indicated the F. verticillioides infection causes the stress response in the plant which is its initial stage with intact PSII (Bussotti et al. 2011) . Therefore, the fluorescence curves from both maize lines were plotted as relative variable fluorescence (V t ), where the difference in OJIP steps was observed to be clear, and an increase in V J and V I parameters in both maize lines suggested the accumulation of reduced Q A and PQ, which was unable to transfer electrons to the dark reaction sites (Strasser et al. 2010) . This is indicative of a reduction of electron transport and an increase in the energy dissipation (as heat) as a protective mechanism which contributes to the photoinhibition on the acceptor side of PSII in both maize lines (see the reduction in photosynthetic parameters such as PIabs, REo/RC in Fig. 5 ). Recent studies have used OJIP steps for the purpose to access the electron transport in PSII (Darwish et al. 2015; Xiang et al. 2016; Digrado et al. 2017) .
Deviation in various other photosynthetic property indicators such as positive ΔVt (reflecting a decrease in electron transport) and positive K band (reflecting damage in oxygen evolving complex and reaction centers of PSII) indicated that maize line MO17 was more prone to damage by F. verticillioides in comparison to B73. Differences observed in several photosynthetic parameters such as F v /F 0 , F 0 , F m , ABS/RC and various other shown in Fig. 5 , indicated that PSII of B73 line was more resistant to damage by F. verticillioides in 5 days when compared with the MO17 line. The study also indicated that the PSII was damaged and the photosynthetic process was compromised as the result of F. verticillioides infection in maize lines. Thus the study presented a quick, in the field, and a non-invasive method to identify the F. verticillioides infection in maize plants.
